University of South Florida

Scholar Commons
Marine Science Faculty Publications

College of Marine Science

10-1-1994

Effect of Decompression on Mesopelagic Gelatinous
Zooplankton: A Comparison of In-Situ and Shipboard
Measurements of Metabolism
T. G. Bailey
Harbor Branch Oceanographic Institution, Inc

Joseph J. Torres
University of South Florida, jtorres@marine.usf.edu

M. J. Youngbluth
Harbor Branch Oceanographic Institution, Inc

G. P. Owen
Harbor Branch Oceanographic Institution, Inc

Follow this and additional works at: https://scholarcommons.usf.edu/msc_facpub
Part of the Marine Biology Commons

Scholar Commons Citation
Bailey, T. G.; Torres, Joseph J.; Youngbluth, M. J.; and Owen, G. P., "Effect of Decompression on
Mesopelagic Gelatinous Zooplankton: A Comparison of In-Situ and Shipboard Measurements of
Metabolism" (1994). Marine Science Faculty Publications. 116.
https://scholarcommons.usf.edu/msc_facpub/116

This Article is brought to you for free and open access by the College of Marine Science at Scholar Commons. It has
been accepted for inclusion in Marine Science Faculty Publications by an authorized administrator of Scholar
Commons. For more information, please contact scholarcommons@usf.edu.

MARINE ECOLOGY PROGRESS SERIES
Mar. Ecol. Prog. Ser.

Published October 13

Effect of decompression on mesopelagic
gelatinous zooplankton: a comparison of in situ
and shipboard measurements of metabolism
'

Harbor Branch Oceanographic Institution, 5600 U.S. 1 North, Fort Pierce. Florida 34946, USA
'Department of Marine Science. University of South Florida. 140 Seventh Ave. South, St. Petersburg, Florida 33701. USA

ABSTRACT: Weight- and carbon-specific rates of respiration for 4 mesopelagic gelatinous zooplankton
(2 ctenophores, 1 trachymedusa and 1 pelagic holothurian) measured in situ were 2 to 5 times higher
than those from shipboard incubations. These results support the theory that removal of deep-living
gelatinous species from natural environments can adversely affect their metabolism. The disparity
between in situ and shipboard treatments is most simply explained by an interaction between pressure
and activity, i.e. a loss of motor activity due to decompression occurred among animals used in shipboard experiments.
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INTRODUCTION

Gelatinous organisms are a conspicuous and widespread component of oceanic communities to depths of
at least 1000 m, often reaching very high abundances
(Youngbluth et al. 1990). For example, studies conducted in 2 deep basins (East Cortes and San Clemente)
off southern California, USA, revealed that the pelagic
holothurian Scotoanassa sp. and other gelatinous species
dominated the biomass and total metabolism of macrozooplankton within the benthic boundary layer (Childress et al. 1989). Similarly, Smith (1982) noted that the
macrozooplankton collected within 50 m of the bottom
in the Santa Catalina Basin (also off southern California)
was composed almost entirely of gelatinous animals
(siphonophores, ctenophores, and scyphomedusae). In
the subtropical Atlantic, gelatinous species were consistently the most visually prominent macrozooplankton
in midwater and benthic boundary regions during submersible dives along the south coast of Grand Bahama
Island (1989 and 1990) and St. Croix, USVI (1989 and
1991), and off the north coast of Jamaica (1993) (Bailey
unpubl. data). Their ubiquitous distribution and periodic
numerical dominance in midwater and benthic boundary layer communities (e.g. Wiebe et al. 1979, Kremer et
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al. 1994, Madin et al. 1994) suggest that the metabolism
of gelatinous animals is a significant factor in deep-sea
carbon flow.
Two basic approaches have been used to determine
physiological characteristics of deep-sea animals: (1)
measurements in shipboard laboratories and (2) quantification in the natural environment. Because of the
delicate nature of most midwater gelatinous zooplankton, their metabolic rates may be affected by the
physical stresses incurred during the ascent to the surface or the shipboard handling required for laboratory
experiments.
This paper presents data which support the theory
that rates of oxygen consumption of deep-living
gelatinous zooplankton are affected significantly by
the stresses mentioned. Results from in situ experiments were compared with shipboard measurements
of animals which were not manipulated prior to
incubation and with animals which were transferred
from collectors before incubation (i.e. manipulated).
In addition to the physiological aspects, these data
serve to establish a baseline for defining the trophic
roles and relative contributions of gelatinous zooplankton to carbon cycling and transport in deep-sea
communities.
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MATERIALS AND METHODS

Experiments were conducted during 2 cruises
(December 1990 and March 1991) with a Johnson-SeaLink (JSL) submersible off Sweetings Cay along the
southeast coast of Grand Bahama Island, Bahamas
(26"30' N, 78" 08' W; Fig. 1 ) . Gelatinous zooplankton
(ctenophores, medusae, and pelagic holothurians)
were sampled within 50 m of the bottom (bottom depth
range = 735 to 900 m). Temperature, salinity and oxygen content measured at the sampling depths varied
from 8.2 to ll.O°C, 32.5 to 33.3% and 5.14 to 5.62 m1
O2 1-l, respectively.
Eight custom-designed respirometers mounted on the
submersible were used to gently trap gelatinous zooplankton. The respirometers are modified versions of
the JSL passive samplers used for the past 10 yr to capture intact specimens of the most fragile zooplankton
(Youngbluth 1984). The samplers consisted of clear
acrylic tubes (1.3 cm thick X 16.5 cm ID) with lengths
(either 30.5 cm or 15.3cm) varying according to volume
(6.51 and 3.3 1) in the 2 sizes that were used. The acrylic
cylinders and lids provided sufficient insulation to maintain i n situ temperatures within the respirometers
during ascent to the surface and during the 10 to 15 min
period required after recovery to transfer them to the
temperature-controlled chamber aboard ship.
Both arrays of 8 respirometers were deployed daily
(2 dives per day; 1 deployment per dive). One array
was detached from the submersible and incubated i n
situ. The other was returned to the surface where
samplers were incubated in shipboard environmental
chambers at i n situ temperatures. In the third experimental treatment, gelatinous animals were collected

Fig. 1 Grand Bahama Island and the coast of Florida. The
study site, off Sweetings Cay, is marked with a star

with the JSL's multiple-bin suction sampler (Youngbluth 1984), returned to the surface and transferred to
water-jacketed respirometers for incubation aboard
ship. Either 6 or 7 of the 8 respirometers were used on
each dive to collect animals. The remaining respirometers served as controls; water was collected from the
same depth as that of the experimental animals.
For in situ incubations, after the animals and controls
had been collected, the array of respirometers was
attached to a moored line at a predetermined midwater depth, then detached from the submersible and
left to incubate in situ for periods ranging from 12 to
20 h. Incubation depths were 5 to 7 m above the bottom
(range = 680 to 840 m). Recovery of the array was
accomplished by detaching an expendable anchor
from the moored line with an acoustic release. Subsurface buoys brought the array to the surface where it
was recovered with the support vessel.
For shipboard incubations, once the animals and
controls had been collected in the JSL respirometers
(identical to in situ respirometers), the submersible
made a slow ascent to the surface. Aboard ship, each
respirometer was quickly detached from the submersible and transferred to an environmental room
maintained at 9 i 1 "C. Incubations were conducted
in the dark.
Three types of oxygen sensors were used: (1) in situ
measurements were made with Nester oxygen sensors
(general purpose D.O. probe; Leeds and Northrup
Corp.); (2) shipboard incubations of JSL respirometers
were made using Endeco pulsed oxygen electrodes
(type 1128 D.O. probe; YSI); and (3) specimens collected with the suction sampler were incubated aboard
ship in water-jacketed acrylic respirorneters with
microcathode Clark-type oxygen electrodes manufactured in our laboratory (Mickel et al. 1983). These
microcathode Clark-type electrodes were made with a
15 pm diameter cathode. Because the oxygen requirements of these small-diameter cathodes can easily be
satisfied by unaided diffusion of oxygen through the
membrane, low-oxygen boundary layers do not form at
the membrane and thus, stirring was not required
(Baumgartl & Liibbers 1983).
Both Nester and Endeco probes met our criteria for
use in the in situ respirometers, i.e. neither probe
required stirring, and both were stable and sensitive
enough to measure low rates of oxygen consumption
by animals such as midwater gelatinous zooplankton.
However, both probe types were affected by rapid
changes in pressure and temperature, thus precluding
in situ measurements during descent or ascent. Furthermore, only the Nester probes stabilized at depth
quickly enough for i n situ experiments. After a slow
descent to depths of 300 to 900 m, Nester probes
stabilized within a period of 2 h (Fig. 2 ) . On the other
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hand, Endeco probes, when exposed to pressures
reaching 100 atm (ca 1000 m), required a minimum of
6 to 7 h to stabilize. Monetary constraints were responsible for our selection of Endeco, rather than Nester
probes, for shipboard incubations. Laboratory experiments at our shore-based pressure test facility demonstrated that, once stabilized, there were no significant
effects of hydrostatic pressure on the response of
Nester sensors. Output voltages of Nester probes exposed to pressures ranging from 1 to 100 atm were not
significantly different (p > 0.05; ANOVA). Further, respiration for each of 5 species of gelatinous zooplankton
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measured simultaneously in shipboard incubations
with both Nester and Endeco probes were not signiflcantly different (p > 0.05; t-test).
Output voltages from the Nester probes were
recorded with a solid-state datalogger (SeaBird Electronic Sealogger SBE-20) mounted on the sampling
array framework. Endeco probes were installed in the
respirometers prior to a dive, but were not powered-up
until the respirometers had been placed in the environmental chamber. The pulse interval for the Endeco
probes was 15 min. Because Endeco probes were profoundly affected by rapid changes in temperature and
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Fig. 2. Typical respiration runs for (a) Enypniastes eximia, (b) Bathocyroe fosteri, ( c )unidentified ctenophore (UC-I), and (d) Benthocodon pedunculata. Data from the appropriate control respirometers are included for each run. The first part of each experiment, which includes pre-dive preparation and the descent portion of the dive, is not shown. Oxygen concentrations within
respirometers are plotted as a function of incubation time beginning at the point when probe outputs became submaximal
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pressure, a period of 3 to 5 h was required for restabilization of the probes subsequent to each dive. Consequently, data obtained during this restabilization
period were not used. Outputs from the Endeco sensors were recorded with an Onset Tattletale datalogger. Data from the microcathode Clark-type probes
were recorded on a computer-controlled datalogging
system (Torres & Somero 1988). Linearity in the
response of electrodes to different oxygen concentrations was established using both oxygen saturated and
deoxygenated (nitrogen stripped) water.
After each experiment, subsamples were withdrawn
from each respirometer for determinations of ammonia
and phosphate (Strickland & Parsons 1972). Ambient
in situ levels of ammonia and phosphate were established from samples taken at depth through the submersible's pressure relief valve. Both experimental and
control levels of ammonia and phosphate were corrected for ambient in situ levels. Excretion rates of
ammonia and phosphate were determined by subtracting control from experimental values. All samples
were analyzed at sea within 12 h of collection.
After subsampling for excretory products, animals
were measured in situ (i.e. while still inside the
respirometer) to the nearest 0.5 mm, blotted using the
technique described by Youngbluth et al. (1988), and
frozen in sealed tared jars at -10°C. In the laboratory
ashore, jars containing the animals were weighed to the
nearest 0.01 g and then specimens were dried at 60°C to
constant weight. Subsequently, the dried samples were
homogenized for analyses of CHN and ash weight.

RESULTS

In situ rates of oxygen consumption were recorded
for 58 individuals representing 6 species during the
1990 cruise: a pelagic holothurian (Enypniastes eximia),
2 lobate ctenophores (Bathocyroe fosteri and an undescribed species, UC-I; Harbison unpubl.),a cydippid
ctenophore (Agmayeria tortugensis), and 2 medusae
(Benthocodon pedunculata and Solmissus sp.). Data
from shipboard respiration runs conducted in 1990
were invalid due to technical problems. During the
1991 crulse, respiration rates were recorded for 49
individuals representing 4 species (17 individuals, 3
species in situ; 32 individuals, 4 species shipboard)
using the JSL respirometers: E, eximia, B. fosteri, UC-I,
and B. pedunculata. Shipboard rates were also determined using water-jacketed respirometers for 20 individuals representing 2 species during the 1991 cruise:
E. eximia and B. pedunculata. Four species of gelatinous animals were common to both cruises in sufficient
numbers for statistical analyses: E, exlrnia, B. fosteri,
UC-I and B. pedunculata.

Species descriptions
Enypniastes exirnia (Order: Elasipodida; Family:
PelagothuIlldae) is a benthopelagic holothurian whlch
is cosmopolitan at depths of 516 to 5689 m (Miller &
Pawson 1990). Individuals swim or float just above the
bottom, but depend on sediments for sustenance. The
integument of E. eximia is intensely bioluminescent,
which is theorized to be an antipredator mechanism
(Robison 1992). This and other pelagic holothurian
species can dominate the megafaunal biomass at some
localities in the bathyal-abyssal zone (Barnes et al.
1976). As a group, benthopelagic holothurians are
important for their ability to rework and transport surface sediments for considerable distances, both horizontally and vertically, from the source area (Billett
et al. 1985, Billett 1986).
Bathocyroe fosten is a lobate ctenophore common
at midwater depths below 200 m and at water temperatures below 11 "C in the NW Atlantic (Madin &
Harbison 1978). Specimens captured in the Bahamas
differ somewhat from the line drawings in the original description (Youngbluth et al. 1988). Prey found
in the guts of B. fosteri include copepods and euphausiids. B, fosteri is quite responsive to incandescent light. When exposed to the submersible's
lights, it usually shrinks noticeably in overall size,
particularly in the region of the aboral crown where
the short comb-rows occur, and, if encountered in
the inverted position, it contracts its outspread oral
lobes and tumbles around to the upright position.
Turbulence generated by the movement of the submersible or its thrusters can often induce the
ctenophore to swim briefly by slowly flapping its oral
lobes.
The undescribed ctenophore UC-I superficially
resembles the lobate ctenophore Bolinopsis infundibulum in having variegated structures within its lobes. It
is one of the largest lobate ctenophores encountered at
midwater depths in Bahamian waters.
The trachymedusa Benthocodon pedunculata is a
benthopelagic species which usually occurs within
10 m of the bottom at depths from 800 to 1000 m
(Larson et al. 1992, pers. obs.). Observations from
submersibles and remotely operated vehicles indicate
that B. pedunculata can occur at densities up to
80 medusae m-2 (Larson et al. 1992). In the Caribbean (Bahamas and St. Croix, USVI) this species
was frequently observed directly on the bottom
(depth = 800 to 900 m), using its tentacles to glide
across the substratum. Gut analyses have shown
these medusae to feed on both benthopelagic and
benthic organisms, although the predominant prey
items were benthopelagic crustaceans (G. I. Matsumoto pers. comm.).
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Table 1. Means and ranges for morphometric measurements of gelatinous zooplankton used in respiration experiments.
LengthMiameter (length along the longitudinal axis for Enypniastes eximia and ctenophores, bell diameter for Benthocodon
pedunculata) was determined at the conclusion of each respiration run, while the specimens were still in the respirometers.
n: number of individuals analyzed. Numbers in parentheses are standard deviations
Species

n

Enypniastes
eximia

58

Bathocyroe
foster;

27

UC-I

16

131.6
( *33.97)

55-250

45.6
(* 10.18)

18-89

139.9

95-180

284.9
22.8-919.9
(+ 228.24)
49.7
(* 38.04)

23

23.7

6-35

11.3

1.7-8.4

1.0-34.3

(i8.91)

(k

4.7
(* 2.11)

(i6.62)

Dry w e ~ g h t(g)
Mean
Range

3.1-126.6

463.8 183.9-747.2
(* 149.12)

(k 20.72)

Benthocodon
pedunculata

Wet weight (g]
Mean
Range

Length or diameter (mm)
Mean
Range

1.9
1.51)

18.4

171.2 15.9-682.8
(+ 161.00)

0.1-5.0

8.2
(* 6.24)

7.2-29.2

90.5
27.2-181.2
(k38.12)

0.1-0.4

24.4
(* 14.92)

(i5.88)

0.2
(+ 0.10)

Carbon content (mg)
Mean
Range

0.5-22.5

5.5-53.3

Morphometrics

Elemental composition

All expressions of physiological rates are based on
measured weights. Means and ranges for morphometric parameters are given in Table 1. Regressions
and correlations between weight and linear measures (e.g. length and bell diameter) are also presented for comparison with literature values (Table 2).
However, because the bodies of most gelatinous
animals are elastic, linear measures are not always
reliable as standardization parameters (Youngbluth
et al. 1988). Total length (TL) was significantly correlated with dry weight (DW) for Enypniastes eximia
and Benthocodon pedunculata (p < 0.05, productmoment correlation). Correlations between TL and
DW were significant, but not as strong with Bathocyroe fosten and UC-I. There were significant
correlations between wet weight, dry weight, ashfree dry weight, and carbon content of all 4 species
(Table 2).

Mean carbon values, as a function of dry weight,
ranged from 0.4 to 10.4 % (Table 3 ) . C : N ratios varied
from 3.1 for Benthocodon pedunculata to 4.7 for
Enypniastes eximia (Table 3). These values are comparable to similar data reported for epipelagic and
mesopelagic gelatinous zooplankton (Kremer 1975,
Reeve & Baker 1975, Reeve et al. 1978, Hoeger 1983,
Kremer et al. 1986, Youngbluth et al. 1988, Childress
et al. 1989).

Oxygen consumption
Weight-specific oxygen consumption was correlated
positively (p < 0.05; Pearson product-moment correlation) with incubation time, indicating that experimental animals remained healthy throughout the respiration trials. Decreases in oxygen content of water in

Table 2. Morphometric regressions and correlations. Linear regressions of log-log transformed data ( Y = a X b )were used to derive
the slopes (b) and intercepts (a) for the relationships between dry weight (DW) and total length/diameter (TL/D). Relahonships
between DW and wet weight (WW), ash-free dry weight (AFDW) and carbon content (CC) were derived from linear regressions
of untransformed data ( Y = a + bX; where b = slope and a = intercept). The coefficient of determination (r2)is given for each
regression. n: number of individuals analyzed
Species
Enypniastes
eximia
Ba thocyroe
fosten
UC-I

Benthocodon
pedunculata

DW(mg)= a X [TL/D(mm)lb DW(mg) = a + b[WW(mg)] DW(mg)= a + b[AFDW(mg)] DW(mg) = a + b[CC(mg)]
a
b r 2 n
a
b
r 2 n
a
b
r 2 n
a
b
r2
n
0.35

2.15

0.843

67

254.11 0.04

0.989 50

2.46

5.22

0.941 33

0.22

2 24

0.767

70

-12.65

0.983 27

6.54

6.03

0.964 23

1.39 0.408

18

123.76 0.04

0.995

16

4.35

6.16

0.955

14

2.27

26

1.64 0.05

0.993

15

0.16

3.68

0.996

4

19.42
0.15

0.902

0 04

5581.53

49.07 0.791 50

75.81 226.74 0.884 27
6433.12 132.36 0.734
106.54

16

5.97 0.712 14
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Table 3. Water content (% wet weight) and chemical composition (% dry weight). Values shown are the means with standard
deviations (SD) and number of individuals (n) analyzed in parentheses. C = carbon, N = nitrogen
Species

Treatment

%H20

Enypniastes eximia

In situ
Shipboard
In situ
Shipboard
In situ
Shipboard
In situ
Shipboard

96.01 (0.39, 31)
96.06 (0.12, 15)
96.09 (0.34,23)
95.99 (0.03, 3)
96.01 (0.07, 11)
96.08 (0.11,5)
95.31 (0.09, 5)
95.26 (0.14,8)

Bathocyroe fosterj
UC-I

Benthocodon pedunculata

control chambers during incubation were significant
(p < 0.05; paired t-test). Because no effort was made to
filter the water used in the respirometers, consumption
of oxygen in controls was presumed to be due to microzooplankton (e.g. tintinnids) and microorganisms (e.g.
bacteria). It was further assumed that similar levels of
consumption by these organisms were included in
experimental respirometers. Differences in the rates of
decrease of oxygen content between controls and
experimental respirometers were significant in every
case (p < 0.01; t-test; Fig. 2).
There were no significant differences between the
in situ weight-specific rates of respiration measured
during the 1990 and 1991 cruises for Enypniastes
eximia, Bathocyroe fosteri and Benthocodon peduncuJata (p > 0.05; t-test); jn situ measurements were not
made for UC-I in 1991. Therefore, in situ data from the
2 cruises were pooled by species. Rates of oxygen consumption using Endeco probes and Clark-type electrodes were not significantly different in shipboard incubations for the 2 species common to both systems
(Enypniastes eximia and Benthocodon pedunculata;
p > 0.05, t-test). These data suggest that, at least for
these 2 species, suction during collection and handling

Composition as % of dry weight (SD, n)
%N
C:N
%C
1.11 (0.39, 31)
1.08(0.50,15)
0.43 (0.10,23)
0.44 (0.09,3)
0.51 (0.13, 11)
0.44 (0.07, 5)
8.20 (0.42, 5)
10.41 (3.25, 8)

0.25 (0.11, 31)
0.23(0.12,15)
0.14 (0.24, 23)
0.13 (0.05, 3)
0.16 (0.03, 11)
0.14 (0.02, 5)
2.69 (0.40, 5)
3.02 (0.91, 8)

4.50 (0.50, 31)
4.71(1.28,15)
3.16 (1.53, 23)
3.61 (0.55,3)
3.28 (0.46, 11)
3.16 (0.38, 5)
3.09 (0.38, 5)
3.44 (0.11, 8)

during transfer to respirometers aboard ship do not
significantly affect rates of respiration in shipboard
incubations.
Weight- and carbon-specific rates of respiration for
all 4 species measured in situ were ca 2 to 5 times
higher than those from shipboard incubations (Figs. 3
& 4, Table 4). These differences were highly significant
(p < 0.02 for each species; t-test). There were no significant differences in exponents (slopes) of allometric
equations, derived from linear regressions of log-log
transformed data ( Y = aXb)on oxygen consumption as
a function of wet weight, between in situ and shipboard incubations for each species (p < 0.10, t-test of
slopes; Zar 1984). After computing a common allometric exponent for each species, the effect of weight
on respiration was eliminated by dividing individual
oxygen consumption values by a weight-normalization
factor (Wb;where W is the individual wet weight, and
b is the computed common slope). There were significant differences in these weight-normalized values
between in situ and shipboard incubations for each
species (p < 0.10, t-test). Because we found: (1)no significant differences between the responses of Nester
and Endeco probes during shipboard incubations of

Table 4. Mean weight-specific and carbon-specific oxygen consumption rates. Values in parenthesis are the standard deviation
(SD) and the number of individuals (n) analyzed

In situ

Species
p l 0,g-'WW h-'

Enypniastes
ex~mia

(i0.546, 31)

Bathocyroe
fosteri

0.815

p l O2g-'WW

h"

p l O2mg-'DW h - '

p1 O2mg-l C h - '

4.013

0.307

0.009

0.746

(+ 3.786, 31)

(+ 0.149, 27)

(i0.005, 27)

(i0.676, 19)

3.057

0.076

19.157

0.456

(* 1.495, 24)

(+ 0.044, 24)

(* 13.262, 24)

(+ 0.208, 3)

0.032
( i 0.031, 3)

( 2 5.240, 3)

0.628
0.259, 11)

0.015

3.373

1.080

(i1,605, 11)

0.191
(+ 0.108, 5)

0.005

(* 0.007, 11)

(i0.002, 5)

(2 0.552, 5)

0.250

1.818
(i2.453, 9)

(k

26.639
(k 5.067, 5)

0.038

Shipboard
p1 O2mg-'C h"

31)

UC-I

Ben thocodon
pedunculata

O2mg-'DW h"

( ? 0.033,

0.569

6.928

(*0.110, 5)

(* 1.263, 5)

8.461
( 4 5 1 17)

(i0.140,

17)

6.601

19
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Fig. 3. Oxygen consumption plotted against wet weight for (a) Enypniastes eximia, (b) Bathocyroe fosteri, (c) unidentified
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gelatinous zooplankton; (2) no significant effects of
pressure (1to 100 atm) on the response of Nester electrodes; and (3) no significant differences in rates of
oxygen decline in control chambers measured with the
2 probes on both cruises, we conclude that the observed differences in rates of respiration (in situ versus
shipboard) were not due to differences in response
characteristics of the 2 probe types.

Excretion rates
Variability in excretion values were substantially
higher than those for oxygen consumption. Weight-

specific rates of ammonia excretion were significantly
higher for in situ incubations than shipboard rates for 3
species; Enypniastes eximia, Benthocodon pedunculata and UC-I (p < 0.05, t-test; Table 5 ) . In situ and shipboard ammonia excretion rates for Bathocyroe fosten
were not statistically different, although the in situ rate
was ca 1.7 times higher. The lack of statistical significance between ammonia excretion rates for B. fosteri
was due primarily to the low n-value for shipboard
experiments. Values for phosphate excretion were relatively low for both treatments.
Atomic ratios of oxygen respired to ammonium
excreted (0:N) were generally twice as high for in situ
samples as those incubated aboard ship (Table 6). The
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Fig 4 . Oxygen consumption plotted against carbon content for (a) Enypniastes eximia, (b) Bathocyroe foster], (c) unidentified
ctenophore (UC-I), and (d) Benthocodon pedunculata. ( 0 ) In situ experiments; (0)shipboard runs. Geometric regressions
( Y = a x b )are represented by solid and dashed lines for in situ and shipboard data, respectively

exception, UC-I, had a slightly lower in situ 0 : N ratio
than that from the shipboard incubation. Atomic 0 : P
ratios were relatively high, suggesting little physical
damage to specimens (Ikeda et al. 1982).

DISCUSSION

Comparisons with previous studies

In situ oxygen consumption rates of the 4 gelatinous
species examined in this study were comparable to
rates measured for gelatinous species in other studies
(Table 7). For example, the in situ weight-specific rate

of oxygen consumption for Enypniastes eximia was
similar to that of the pelagic holothurian Scotoanassa
sp. measured in the laboratory. However, the carbonspecific rate for Scotoanassa sp. was nearly 3 times
higher than that of E. eximia. Differences in routine
activity levels and concomitant compositional differences may account for the disparity in carbon-specific
oxygen consumption rates of these 2 species. For
example, E. eximia characteristically spends a substantial proportion of its time on the bottom, presumably feeding (Pawson 1982, Childress et al. 1989.
Bailey & Torres unpubl. data). Scotoanassa is rarely
observed on the bottom, spending most of its time
swimming in the water column (Barnes et al. 1976,
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Table 5 . Mean dry weight- and carbon-specific ammonia and phosphate excretion rates measured in situ and in shipboard
experiments. Numbers in parentheses are standard deviation (SD) and number of individuals (n) analyzed
Species

In sllu

NH,

(uhl g ' D N ' h - . ) (ph1g-I C h

0.131

p04

NH4
!)

NH,

PO,

(PM g-l L)M1 h 'I (p" g - ' C h

13.071

0.023

( + O 739, 30) (+ 14.332, 30) (+ 0 106, 18)

(2

'I

2.457
2 798, 18)

NHS

Shipboard
PO4

lp\l g - "D\*'
h-'I ( i ~ bg.'
l C

h - ' ) 1~1%1
r! ' DLL' h - ' )

0.072
(+ 0.097, 15)

[+ 4.100, 15)

7.832

p04
111\1 51

0.004
( t0.007,

' C 11

'I

0.373
13)

( t0.258,

13)

Bathocyroe
fosteri

0.514
99.253
0.126
14.306
(+ 1.671, 24) (k46.818. 24) (+ 1.395, 20) (-r 16.583, 20)

0.310
(+ 0.511. 3)

63.890
(k 48.191, 3)

0.013
(t0.021, 3)

2.705
(k 2.045, 3)

UC-I

0.106
23.200
0.008
(t0.196, 11) (+ 17.248, 11) (+ 0.023, 11)

(+ 1.710, 11)

0.019
(tO.O18,5)

3.961
(+1.599,5)

0.010
(+0.011,5)

2.208
(t1.087,5)

3.274
(k3.019, 5)

1.788
(k 1.813, 8)

20.414
(+ 13.534. 8)

0.216

(+ 3.196, 5)

(+ 0.520, 8)

2.515
(2 2.822, 8)

Benthocodon
pedunculata

47.256
(+ 14.145, 5)

0.547
(k 0.648,

1751
6.543

5)

Pawson 1982, Childress et al. 1989). Consequently, a
higher metabolic rate would be expected from Scotoanassa, since it appears to be more active. Differences in buoyancy of the 2 species may also contribute
to the observed similarities in weight-specific metabolic rates. Assuming that in situ rates of metabolism
for Scotoanassa are somewhat higher than those measured in the laboratory (Childress et al. 1989), the
slight difference in weight-specific metabolic rates of
the two holothurians would be somewhat greater than
that shown in Table 7.
Both in situ and shipboard rates of weight-specific
oxygen consumption for Bathocyroe fosteri were substantially different from published rates (Table ?;
Youngbluth et al. 1988). In situ rates were higher by a
factor of 2 and shipboard rates of oxygen consumption
were lower by a factor of 3.5 than the shipboard values
reported by Youngbluth et al. (1988). Handling techniques, as well as seasonal variability may account for
some of these differences. The in situ rate of weightspecific oxygen consumption for B. fosteri was within
the range of values measured for epipelagic ctenophore species (Table 7 ) . Because of its low carbon con-

tent, the in situ carbon-specific oxygen consun~ption
for B. fosteri was substantially higher than values published for both epipelagic and mesopelagic ctenophores (Table 7). Values for the unidentified lobate
UC-I were substantially lower than those of the lobate
ctenophores B. fosteri and Ocyropsis sp. (Youngbluth
et al. 1988). The lower rate cannot be explained on the
basis of differences in water or organic content, since
all 3 ctenophore species have nearly the same percentages of water and carbon in their tissues (Table 3;
Youngbluth et al. 1988).
The in situ weight-specific oxygen consumption rate
for the trachymedusa Benthocodon pedunculata was
significantly higher than those of any other midwater
medusa, and generally higher than most epipelagic
species (Table 7 ) . This higher rate might be expected,
since B. pedunculata is a very robust benthopelagic
jellyfish with high levels of body carbon and nitrogen
(Table 3). Swimming bursts for B. pedunculata ranged
from 0.1 to 0.2 kt (Bailey pers. obs.). However, because
of its high carbon content, the carbon-specific rate of
oxygen consumption for B, pedunculata, although
greater than most epipelagic species, was not substan-

Table 6. 0 : N and 0 . P ratios (atoms of oxygen consumed to atoms of nitrogen and phosphorus excreted). Numbers in parentheses
are the standard dev~ation(SD) and number of Individuals (n) analyzed
Species

In situ
0:N

Enypniastes exirnla

19.31
( 2 10.67, 30)

Bathocyroe fosteri

17.80
(+ 11.28, 24)

UC-I

17.47
(-c 9.32, 11)

Benthocodon pedunculata
(k

17.76
7.52, 5)

Shipboard
0:P

0:N

0:P
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e 7. Comparison o f oxygen consumption values for gelatinous and non-gelatinous zooplankton and micronekton. Mes/Epi:
mal depth of occurrence (mesopelagic or epipelagic). n: number of individuals analyzed. Temperatures are those at which
bations were conducted "Species measured in situ; bcarbon-specific values estimated based on the assumption that carbon
ent ( C )was equal to 8 to 104';,of the wet weight (WW); ccarbon-speciiicvalues estimated based on a carbon content of 0.6%
of the dry weight

ecies

Mes/Epi

n

T

("c)

LATINOUS SPECIES
olothurians
En ypniastes eximia
Enypniastes eximia
Scotoanassa sp.

Mes
Mes
Mes

31
15
15

tenophores
Bathocyroe fosteri"
Bathocyroe fosten
Bathocyroe fosten
UC-Id
UC-I
Ocyropsis sp.
Agmayeria tortugensis
Bolinopsis infundibulum
Bolinopsis infundibulurn
Bolinopsis v~trea
Ocyropsis rnaculata
Eurhamphaea vexilligera
Mnemiopsis mccradyi
Mnemiops~sleidyi
Mnemiops~sl e ~ d y i
Beroe ovata

Mes
Mes
Mes
h,le s
Mes
Mes
~Mes
Mes
Epi
Epi
Epi
Epi
Epi
Epi
Epi
Epi

24
3
49

edusae
Benthocodon pedunculata "
Benthocodon pedunculata
Solrnissus ~ p . ~
Poralia rufescens
Crossota rufobrunnea
Aegina cifrea
Aequorea v~ctoria
Aglantha digitale
Eperetmus typus
Eutonina indicans
Gonionemus vertens
Mjtrocoma cellularia
Phialidmm greganum
Sarsia pnnceps
Stornotoca atra
Aurelia aunta
Cyanea capillata

Mes
Mes
M es
Mes
Mes
Mes
E PI
Epi
Epi
Epi
Epi
EP~
Epi
Epi
Epi
Epj
E P ~

USTACEANS
Thysanopoda rnonocantha
Sergestes armatus
Sergestes corniculum
Sergia grandis
Gnathophausja lngens
Boreom ysis californica
Acanthephyra curtirostris
ystellaspjs cristata
Hymenodora frontalis
Pasiphaea emarginata
Gjgantocypns agassizii
Bathycalan us bradyi

Mes
Mes
Mes
h4es
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes

Oxygen consumption
p1 O? g - l LVW h-'
p1 O2 mg-' C h-'

Source

0.814
0.307
0.9

4.013
0.746
11.110

1
1
2

5
6
1
10
8
55
3
47
22
19
21
22

8
8
9-12
8
8
9-12
8
5-6
8
25
25
25-29
21
10
25
25

3.057
0.456
1.596
0.629
0.191
4.787
2.264
2.052
1.254
2.660
4.800
2.520
3.332
2.380
7.854
10.920

19.157
6.601
5.122
3.373
1.080
6.300
0.673
2.477
1.740
11.670
0.529
7.160
5.160
4.120
13.590
7.340

1
1
3
1
1
3
1
4
5
6
6
7
8
9
9
6

5
9
4
2
12
8
45
22
I1
25
12
32
24
8
14
18
16

8
8
8
3
5
5
10
10
10
10
10
10
10
10
10
10
10

26.639
8.461
4.502
6
3.6
2.8
3.9
43.7
10.0
10.6
26.7
3.2
10.1
6.1
11.2
5.3
20.2

6.928
1818
7.870
26.345
0.900
0.700
1.100
5.810
2.910
3.150
4.230
3.210
2.770
2.390
2 710
3 260
3.750

1
1
1
10
11
11
12
12
12
12
12
12
12
12
12
12
12

ll

8
8
3
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Table 7 (continued)
Species
FISHES
Coryphaenoides acrolepis"
Coryphaenoides armatusa
Eptatretus deanja
Sebastolobus altivelis (juv)a
S. altivelis (adult)
Cyclothone acclinidens *
Gonostoma elongatum
Melanostigma pammelas
NectoLiparis pelagicus
Bajacalifornia burragei
Bath ylagus milleri
Melamphaes acanthomus
Poromitra crassiceps
~Melanonuszugma yeri
Lampanyctus regalis
Parvilux ingens
Scopelengys tristis
Oneirodes acanthias

Mes/Epi

n

T
("C)

Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes
Mes

1
3
1
2
4
3
7
2
3
3
3
4

3.5
3.0
3.5
5.7
5.7
3
7
5.5
5.5
5
5
5
5
5
5
5
5
5

2
4
1
3
2
2

Oxygen consumption
p1 O2 g-' WW h-'
p1 0, mg-' C h-'

2.4
3.2
2.2
30.5
2.8
25
39.0
16.1
42.7
5
11
12
11
17
11
12
9
8

0.030'
0.040'
0.028'
0.383'
0.035'
0.287'
1.300'
0.124'
0.534 C
0.113C
0.213'
0.256'
0.220
0.213'
0.179
0.333'
0.106
0.207

Source

15
16
15
17
17
18
13
14
14
19
19
19
19
19
19
19
19
19

Sources: 1 = present study, 2 = Childress et al. (1989), 3 = Youngbluth et al. (1988), 4 = Bailey et al. (1994). 5 = Gyllenberg &
Greve (1979), 6 = Kremer et al. (1986), 7 = Biggs (1977), 8 = Kremer (1982). 9 = Kremer (1977), 10 = Smith (1982), 11 = Childress & Thuesen (1993), 12 = Larson (1987), 13 = Donnelly & Torres (1988), 14 = Childress (1975), 15 = Smith & Hessler (1974),
16 = Smith (1978), 17 = Smith & Brown (1983), 18 = Smith & Laver (1981). 19 = Torres et al. (1979)

tially different from that of the very diaphanous
midwater medusa, Solmissus sp. (Table 7). The very
high value for carbon-specific respiration of Poralia
rufescens in Table 7 is primarily due to our use of
low carbon values measured on 12 large individuals sampled off Cape Hatteras, North Carolina, USA
(Bailey unpubl. data).
Excretion data for mesopelagic gelatinous animals
are sparse and shallow-living species show a large
range of variability. Nevertheless, ammonia excretion
rates and 0:Nratios for all 4 species are in general
agreement with those reported for epipelagic and
mesopelagic gelatinous animals (Kremer 1975, 1977,
Biggs 1977, Smith 1982, Cetta et al. 1986, Kremer et al.
1986, Youngbluth et al. 1988). 0:Nratios were consistent with a protein-based metabolism (Ikeda 1974).
Assuming that organic nitrogen is also released by
these species, 0 : N values would be reduced to levels
approaching the ideal protein catabolism of 8 (Ikeda
1974). Lower rates of excretion in shipboard experiments may reflect changes in the same physiological
processes responsible for differences in oxygen consumption rates (e.g. pressure effects on membrane
lipids; see subsequent section).
Because of differences in methods of capture, handling and analysis, caution must be exercised in comparing literature values for metabolic rates of gelatinous animals. However, the similarity of our in situ
rates of oxygen consumption with both in situ and

laboratory rates for mesopelagic and epipelagic
species support the theory that, after accounting for
differences in temperature, the metabolic rates of
deep-living gelatinous zooplankton are not substantially different from those of epipelagic species (cf.
Childress & Thuesen 1992). The absence of a metabolic decline with depth of occurrence, as seen in
crustaceans and fishes (e.g. Childress 1975, Torres et
al. 1979), suggests that deep-living gelatinous zooplankton may be more important to deep-sea carbon
cycling than previously thought. For example, although
weight-specific metabolism of deep-living gelatinous
species is substantially lower than those of most midwater crustaceans and fishes, their carbon-specific
rates are substantially higher (Table 7).

Comparison of in situ and shipboard metabolic rates

Metabolism of individuals incubated in situ was uniformly higher than that of individuals brought to the
surface and incubated in the shipboard laboratory.
Differences varied from nearly 3-fold for Enypniastes
eximia to nearly ?-fold for Bathocyroe fosteri, with
UC-I (ca 3-fold) and Benthocodon pedunculata (ca
3-fold) closer to the low end of the range. These substantial differences in metabolism fall within the range
that can be accounted for by differences in activity
level of individuals in the 2 treatments (see Childress
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1975, Torres et al. 1979, Donnelly & Torres 1988 and
Torres & Somero 1988 for range of metabolic fluctuation in crustaceans and fishes), provided that the scope
for metabolism (Brett & Groves 1979)in the 4 species of
gelatinous zooplankton examined is similar to that of
other swimming species. This seems likely, since those
invertebrates and fishes that have been examined are
capable of modulating their oxygen consumption rate
by a factor of 3 to 6 (cf. Tucker 1970, Schrnidt-Neilsen
1972, Beamish 1978, O'Dor 1982. Torres 1984). What
remains to be explained is why activity is consistently
higher in the respirometers at depth, since the individuals brought to the surface, though treated in as gentle
and unobtrusive a manner as current technology will
allow, still received more stimulation than their counterparts at depth and thus would be expected to show
the higher metabolic rates. Since the single largest
difference between treatments was that individuals
incubated in situ were maintained at an ambient
pressure of 68 to 75 atm and those in the lab were
incubated at 1 atm, we concluded that the disparity in
activity level was most simply explained by an interaction between pressure and activity, specifically, a
loss of motor activity due to decompression in those
individuals measured on board ship.
Although few investigations have been conducted
into adaptive differences in physiological and biochemical systems of shallow and deep-living organisms, the majority of deep-living pelagic species
appear to be either insensitive to the hydrostatic pressures encountered within their vertical range (cf. Teal
1971, Smith & Teal 1973, Belman & Gordon 1979,
Torres & Childress 1983, Somero 1991, Childress &
Thuesen 1993) or show slight acceleratory effects due
to pressure (Teal 1971, George 1981). On the other
hand, benthic and benthopelagic species with lower
likelihood for large vertical excursions, particularly in
the time frame of days to weeks, can exhibit pronounced behavioral or physiological responses to
decompression, ranging from depleted locomotory
abhties to a slowdown in heart rate. Such responses to
decompression have been observed in benthic amphipods (Yayanos 1978, Macdonald & Gilchrist 1982),
cottid fishes (Brauer et al. 1984) and the hydrothermal
vent crab Bythograea thermydron (Mickel & Childress
1982a). In each of those studies the negative effects of
decompression were reversed by recompression to in
situ pressures (see Somero 1991, 1992 for reviews).
The primary effects of pressure on biological systems
are related to changes in volume associated with
physiological and biochemical processes. Sublethal
pressure effects on metabolism mainly reside in the
influence of pressure on membrane structure and
function (e.g.binding of ligands, such as hormones and
transmitters) and are manifested most strongly in

neuromuscular activity (Somero 1991). For example,
decompression of deep-living marine and freshwater
species can lead to symptoms resembling those of hlgh
pressure neurological syndrome (HPNS) experienced
by shallow-living species at high pressure (Meek &
Childress 1973, Brauer et al. 1980, Macdonald &
Gilchrist 1982). These findings suggest that neural
membranes are adapted to function over a relatively
narrow range of pressures, and that pressures outside
of that range will adversely affect neural activity. Few
studies of the effects of pressure on neural functions
have been done with deep-living organisms. However,
the limited data available indicate that pronounced
adaptation of neural function to pressure is characteristic of deep-sea invertebrates (Campenot 1975) and
fishes (Harper et al. 1987). The barophilic nature of
neurological function for 2 species of deep-sea fishes
was demonstrated by the finding that nerves of moribund fish could be restored to apparent normal function after incubation at the species' ambient pressures
(Harper et al. 1987). Likewise, the hydrothermal vent
crab Bythograea thermydron showed a disruption of
the electrocardiogram, a loss of muscular coordination,
and abnormally low rates of oxygen consumption after
decompression (Mickel & Childress 198213). These
results suggest that at least some deep-sea animals
may be obligate barophiles, requiring high pressure
for survival.
Species with limited vertical ranges are afforded the
luxury of adjusting membrane structure (homeoviscous adaptation) to allow normal neuromuscular function in a fairly narrow temperature-pressure window
and thus are most sensitive to hydrostatic pressure, or
to decompression. Hydrostatic pressure could potentially affect membrane proteins, the lipid bilayer, or
both. Lipid bilayer viscosity is a likely candidate for
adaptive regulation in deep-living species because of
the strong interacting effects of high pressure and low
temperature on physical properties of lipids. Perturbations in pressure or temperature that affect the viscosity of membrane lipids will thus affect membranebased physiological and biochemical processes.
Homeoviscous pressure acclimations could be of particular importance in deep-sea animals with shallowliving larvae and juveniles. However, studies of homeoviscous acclimation to pressure have not been done
with metazoans.
Along with the pressure sensitivity of membranebased processes, recent studies have shown that pressure sensitivities of enzymes and structural proteins
differ markedly between shallow- and deep-living
species (e.g. Swezey & Somero 1982, 1985, Hennessey
& Siebenaller 1985, 1987, Siebenaller 1987). These
comparative studies provide operational definitions of
what constitutes high pressures for different biological
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structures a n d processes. T h e delineation of a d a p t a tion p r e s s u r e s a t w h i c h a given t y p e of system exhibits
perturbation by pressure suggests that the terms d e e p
a n d h i g h p r e s s u r e b e g i n t o a p p l y a t d e p t h s of only
5 0 0 m o r less (Somero 1992). F u r t h e r m o r e , b e c a u s e of
t h e paucity of d a t a o n t h e effects of r e d u c e d p r e s s u r e
o n t h e physiology of deep-living species, processes y e t
to b e e x a m i n e d in comparative analyses m a y yield
e v e n lower p r e s s u r e thresholds.

CONCLUSIONS
All of t h e individuals e x a m i n e d in t h e p r e s e n t s t u d y
h a d 2 characteristics in common. T h e first is t h a t t h e y
w e r e all c a p t u r e d within 50 m of t h e bottom a t d e p t h s
b e t w e e n 735 a n d 900 m . T h e s e c o n d w a s t h a t all of t h e
species w e r e q u i t e fragile. N o n e of t h e m could b e
t a k e n with a n e t a n d b e e x p e c t e d to r e m a i n intact. In
fact, only Benthocodon pedunculata a n d Enypniastes
eximia could b e m a n i p u l a t e d a t all after c a p t u r e . T h e
o t h e r species w e r e s o delicate t h a t a t t e m p t s a t transfer
often c a u s e d t h e m to b r e a k a p a r t . Their d i a p h a n o u s
character m a y b e t h e u n d e r l y i n g r e a s o n for t h e s p e cies' metabolic r e s p o n s e to decompression. W h e t h e r
d u e t o t h e limited d e p t h r a n g e of t h e s p e c i e s within t h e
s t u d y a r e a or their delicate character, t h e d a t a strongly
s u g g e s t t h a t an effect of decompression occurs.
All deep-living pelagic species t h a t h a v e b e e n previously e x a m i n e d for responses to pressure, w h e t h e r t h e y
w e r e crustaceans, molluscans, fishes, hydromedusans, or
c h a e t o g n a t h s (Smith 1982, S o m e r o 1991, Childress &
T h u e s e n 1993),h a v e b e e n robust e n o u g h to b e c a p t u r e d
intact i n a n e t or suction s a m p l e r before e x p e r i m e n t a l
manipulation. T h e delicate structure of t h e gelatinous
animals e x a m i n e d in our s t u d y a p p a r e n t l y confers u p o n
t h e m a d e g r e e of p r e s s u r e - d e p e n d e n c e t h a t h a s n o t
b e e n o b s e r v e d previously.
O u r results s u g g e s t t h a t e v e n t h e most delicate
gelatinous zooplankton c a n b e important contributors
to c a r b o n flow a t d e p t h (cf. Childress & T h u e s e n 1992,
1993). T h e o b s e r v e d effects of decompression o n delic a t e forms c a n l e a d t o serious underestimation of their
in situ metabolic r a t e s and thus, m o d e l s t h a t r e q u i r e
s u c h d a t a w o u l d u n d e r e s t i m a t e t h e relative roles of
mesopelagic gelatinous zooplankton i n c a r b o n cycling
in the d e e p sea.
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